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1. Recently it has been shown how to obtain model- independent bounds on the 
formfactors that describe semileptonic decays of heavy hadrons. In what follows, we 
extend previous results on mesonic transitions B D,D* [1-3] and the baryonic 
transitions — > Ac [4] to the baryonic transitions — ^ ^c, ^c- 

2. As usual, we start from the time-ordered product of two appropriate currents 
(vector or axial) inducing 6 — > c transitions. 

T^. = -ij d^xe-"i-^J+^{x)J,{Q) (1) 

The best way to obtain the appropriate operator product expansion is to inte- 
grate out the intermediate quark field which reduces Eq.(l) to: 

T^v ^-i I d%e-"i-%x\QV—. ^ rQ|0) (2) 

J iD — rric + ie 

Here {x\ and |0) stand for states with definite space coordinates. The usual 
HQET fermion field redifinition Q — e^'^'>'"'-^h results in the simple replacement of 
iD nihV + iD in Eq.(2) . (Here X stands for the four-space coordinate operator). 
Then rewriting e^'^'^"^'{x\ as (.T|e^*^"^ wc finally get the well-known formulae which 
is at the basis of the operator product expansion method in HQET [11]: 

T^, = -z / d^x(x|Qr— ^ — - — I rg|o) (3) 

J rribV — q + iD — mc + ie 

As is seen from the redefinition of the quark field, the covariant derivative in 
Eq.(3) correspondes to the "residual" momenta of the heavy quark inside the heavy 
hadron. The natural assumption for this quantity is to be of 0{Aqcd) ■ Assuming 
also q ~ rUb we recognize the possibility to expand Eq.(3) in powers of (^). In 
what follows we will expand Eq.(3) up to second order in (^) and consider matrix 
element of the time-ordered product between ftf, states. 

3. Expanding Eq.(3) up to second order in (^) we obtain terms with two, one 
or no derivatives. Let us generically write the corresponding matrix elements as 



{QcfhrihlQc) (4) 

{n,\hr,iD^h\n,) (5) 

{nc\hTiiDJD(3h\nc) (6) 

where Fi stands for an arbitrary 4*4 matrix in spinor space. 

Now we are in the position to discuss how to compute these matrix elements. 
To begin with, let us discuss the matrix element ( Eq.(6) ) with two derivatives. 
As we are interested in the power corrections of order ( ^^'^° )^ we need this matrix 
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element only up to the zeroth order in this parameter. It is then straightforward to 
eliminate residual h fields in favour of the HQET fields /i^ and to use the spin-fiavour 
symmetry together with the lowest order HQET equations of motion to parametrize 
this matrix element. We get: 

= Ul ■ [gaff - VaVpjR'TiRa 

+U2 ■ {RaTiRi3 + RpTiRa) + uz ■ {RoTiRp — RpTiRa) (7) 

Here i?" stands for the f^f, state in HQET (see Refs. [5-9] ). The constants 
Ul , U2 ,^3, appearing in Eq.(7) are of order (-f^)^ Note that in contrast to the 
previously treated meson and baryon transitions, here we need one more invariant 
matrix element to parametrize Eq.(7). The reason is that the total angular momenta 
of the light diquark system in the hadron is equal to one vs. Jiight — \ and Jught — 
in the previously studied cases. Taking for example Fi to be the unity matrix and 
contracting Eq.(7) with the metric tensor, we obtain: 

Using the normalization R^Ra = — 1 the quantity on the left hand side of Eq.(8) 
represents the heavy quark kinetic energy inside the fib baryon. A similar quantity 
was introduced earlier for mesons in [1-3] and estimated recently in [11]. Here we 
use similar notation and define: 

<5?«MM = _(3„. + 2„,) = =^ (9) 
Analogiously, setting Fi equal to 2iaa(3 we arrive at: 



(10) 



Here we have introduced an additional quantity jiQ^ , which can be related to 
the mass difference of the fib and fll baryons: 

mo* — mo, = (11) 

' ' 8mb ^ ' 

Next let as discuss the calculation of the matrix element Eq. (5) containing one 
derivative. This matrix element is only of order ^"^"^^ , hence we have to calculate 
it in the next to leading order in this parameter. First we expand the QCD fields 
up to the first order in ^^^^\ 
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h{x)^{l+'^)K{x) (12) 
We then arrive at the following expression: 

{VLi)\hTiiDah\VLij) — {VLi,\hyTiiDahy\VLi,) + 

^{nb\K{-ibv^iDo, + ViiDo,ib)hy\ni,) (13) 

However, it can be shown that the first term on the r.h.s. of Eq.(13) is of order 
{-^^Y ■ The proof is based on the equation of motion of the heavy quark and the 
observation that the first term on the r.h.s. is proportional to the velocity of the 
heavy quark up to the required accuracy. In this way we finally obtain: 



{rti,\hViiDo,h\rti,) 



— '^2 
2mb 



2mh 



This last expression has to be computed up to the leading order in , 



consequently we can use the Eq.(7) to rewrite the result in terms of the parameters 

ui, U2 and -Us. 

Let us finally consider the matrix element Eq.(4) with no derivatives {Vtiy\hl' ih\VLfj) . 
In order to obtain this matrix element up to the required order one has to expand 
hVih up to the second order in the inverse powers of the quark mass and one also 
has to take into account the difference between the QCD and HQET wave functions 
of the final and initial states. In this way we obtain the following parametrization 
for the full basis of 4 * 4 matrices: 



WhW^l-^^^^^ (15) 
{VLb\h^^h\n,) = (16) 
(Q,|H75/i|^^6) = ^(l + ^) (17) 

{\lb\ha^^h\Vti,) = — (1 H H ) (18) 

{nb\h5h\nb) = (19) 

4. Using the parametrization of the matrix elements discussed in the previous 
section it is straightforward to compute (Qbl^Jiii/l^b) up to the necessary order after 
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expanding equation (3) in terms of ^ . The result for the invariant form factors 
(which are defined in full analogy with rcfs. [2,3,4]) are too lenghty to be presented 
here. What is really of interest is the zero-recoil projection of these quantaties onto 
the hehcity structure functions. We thus compute n^*^'^)ny^ / d{q ■ v)Im{ilb\Tfj^iy\^lh) 
at the point of zero recoil . Here n^"^^ stands for the set of polarization vectors of 
the outgoing particle with helicity A ( say, W - boson for the weak-current case ). 
This quantity is positive definite since it is in one-to-one correspondence with the 
particle decay width into the diagonal helicity states of the , off- shell W^s. 

5. On the other hand, we can express T^,^ in terms of the phenomenological form 
factors which describe the Qi, — > Qc: excited states transitions. 
Again, projecting "hadronic" tensor T^j, onto helicity states, taking the imaginary 
part and integrating over q-v we arrive at the positive definite quantities Wl, Wt^ ^ 
and Wq. ( for further details see ref. [4] ). The exact expressions of flc and f2* 
contributions to this quantities for the case of axial and vector current are presented 
in the Appendix. 

6. As a next point let as discuss the sum rules for the form factors. 

Taking linear combination \(Wt]^ + Wtj^) for the hadron-side and parton-side 
contributions and neglecting the contributions from the excited states, we finally 
get the inequality: 

|;/|^ + ||^/f<l_^,^,£,|)_g,ff_£_l, (20) 

Here x stands for the ratio — . 

On the other hand, taking n ■ s = — 1 and calculating Wt^ we can " switch off " 
the Q.b state contribution on the hadron side, thus obtainig a sum rule for the Gi^ 
formfactor only: 

Note that ui and U2 enter this sum rule as independent quantities i.e. they do not 
enter in the combination of kinetic energy (7). 

In full analogy we can obtain a bound for the vector form factors. It is worth 
noting, that at zero recoil, the Jl* state does not contribute to the vector-current 
induced transition (see Appendix). Thus we get: 

<l-^^^(x-lf (22) 

As f2* does not contribute to the vector current induced transitions, we can also 
think of "switching off " the contribution from the Qc state. We can do that by 
taking the first moment while integrating over q ■ v { similar to the Voloshin sum 
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rule , but at zero recoil ). The leading contributions to the " hadronic " side of the 
sum rules will be zero in this way , while we get something none zero on the partonic 
side. Again neglecting the contributions from the excited states we get: 

/^g' < (23) 

We mention here that a similar inequality was obtained in the Ref.[ll] for mesonic 
states using different techniques. 

7. To summarize, we have estimated the size of {^^Y corrections to to Qc 
transitions at zero recoil point using the operator product expansion in HQET. 

8. Acknowledgments. The authors are grateful to Dan Pirjol for useful 
conversations. 

Appendix. 

The contribution of Q.c , il* to the projection of the hadronic tensor to the helicity 
structure functions: 

fife fic 

1. Axial current: 

< Qciv, s) I 07^756 I ^b{v, s) > = Uc{v\ s')[/i^7^ + f^v^ + fsv'^h^Ubiv, s); 
Wl = ^^^{{ma,-mnJf^-mnSw-l)f^-ma,{w-l)fif; 



w — 1 



2. Vector current: 

< Qciv', s) I C7^6 I Qbiv, s) > = Uc{v\ s')[/i^7^ + f^v^ + f3v'^]ub{v, s); 

in — 1 

Wl = ^((mn, + mnJ/r + mn.(^ + l)/2^ + mn,(«; + l)/3T; 
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fib 

1. Axial current: 

Wl = ^^^^ {{nin^w - mn*)Gf + {rrin* + mnj{w - 1)6*2 
+ ma*{w'-l)Gi + m^^{w'-l)Giy; 

vvq — ^ (mj7(,Gi + (mf2(, - mn^ijGs 

+ {mu^- mQ.*w)G^ + {mnt^w - 'mu*)GiY] 

± MliGt - 2{w - i)G^r - {Gtn 

2. Vector current: 

<fll\c-f^b\Qb> = u:{v2)[G^g.., + G^vi,-f, 

+ G2Vii,vif, + Glvi„V2n]j5Ub{vi); 

Wl = —-^{{ma^,w-mn*JGY-{ma^^-ma*){w + l)G^ 
6q 

+ m^*{w''-l)Gl + maSw''-l)Glf- 

Wo = ^^^^±4^^^(mn,Gr-(mn, + mn,)Gr 
6q 

+ (mf2(, - ma*w)Gl + {ma^w - ma*)G^f; 

wn,, = ^iliGr-2iw+i)G^r+iGrr 

± sni^iGY - 2{w + l)G^r - (GYn 
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